Platelets have been implicated in pulmonary inflammatory cell recruitment after exposure to allergic and nonallergic stimuli, but little is known about the role of platelets in response to pulmonary infection with Pseudomonas aeruginosa. In this study, we have investigated the impact of the experimental depletion of circulating platelets on a range of inflammatory and bacterial parameters, and their subsequent impact on mortality in a murine model of pulmonary infection with P. aeruginosa. P. aeruginosa infection in mice induced a mild, but significant, state of peripheral thrombocytopenia in addition to pulmonary platelet accumulation. Increased platelet activation was detected in infected mice through increased levels of the platelet-derived mediators, platelet factor-4 and b-thromboglobulin, in BAL fluid and blood plasma. In mice depleted of circulating platelets, pulmonary neutrophil recruitment was significantly reduced 24 hours after infection, whereas the incidence of systemic dissemination of bacteria was significantly increased compared with non-platelet-depleted control mice.
Pseudomonas aeruginosa infection of the lungs induces neutrophil recruitment, platelet recruitment, and release of platelet-derived proinflammatory mediators. Mice experimentally depleted of platelets and infected with P. aeruginosa demonstrated decreased neutrophil recruitment combined with increased total bacterial load and increased mortality rates.
Pseudomonas aeruginosa is a gramnegative, opportunistic bacterium, recognized as one of the major colonizing species in the lungs of patients with cystic fibrosis (CF) with chronic bacterial infections, hospitalized patients with cancer, and in infections associated with severe burns (1) (2) (3) . The importance of platelets in both the innate and adaptive inflammatory responses has been highlighted through the release of numerous pre-formed mediators from internal a and dense granules. These mediators contribute to the inflammatory response through processes such as cell adhesion and migration, while also contributing to wound repair (4) . Indeed, several animal models of inflammation have described a critical role for platelets in inflammatory cell recruitment. These include eosinophil and lymphocyte recruitment in allergic inflammation, and neutrophil recruitment in models of acute lung injury, rheumatoid arthritis and cardiovascular diseases (5) (6) (7) (8) . Furthermore, pulmonary platelet accumulation has been observed in models of allergic inflammation and acute lung injury after allergic and non-allergic insults, respectively (9, 10) .
Evidence of platelet activation in infectious diseases has been well documented, with increases in the expression of platelet activation markers in patients admitted to hospital with numerous infectious diseases. These markers include increases in the incidence of platelet-monocyte and platelet-neutrophil complexes in the circulation, increased levels of surface P-selectin expression, and increased granular secretion (2) . A number of patients with sepsis also present to the clinic with thrombocytopenia, which has been associated with a worse prognosis and increased mortality when compared with patients presenting with normal platelet levels. This further highlights a role for platelets in this condition (11) (12) (13) .
Platelet activation associated with bacterial infections has been reproduced in several animal models of pulmonary bacterial infections, including Staphylococcus aureus-and Klebsiella pneumoniae-induced sepsis (14, 15) . In these models, thrombocytopenia has been associated with enhanced pulmonary bacterial load and increased systemic infection (15, 16) . Direct interactions between platelets and numerous bacterial pathogens, including S. aureus, Helicobacter pylori, and P. aeruginosa, have been reported both in vitro and in vivo (17) . These interactions have been associated with increased pulmonary platelet accumulation and reversible platelet adhesion (17) , whereas bacterial-derived toxins have also been reported to modulate platelet function (18) . Other research has reported that direct interactions between platelets and micro-organisms lead to subsequent phagocytosis of S. aureus, S. pneumoniae, and P. aeruginosa by platelets, as an additional method of removing the bacteria from the infected tissue (14) . Furthermore, it has been suggested that platelets also possess the capacity to augment the antimicrobial effects of other immune cells (19, 20) .
Clearly, in addition to their involvement in hemostatic and inflammatory processes, there are several mechanisms by which platelets may contribute to host defense in response to invading pathogens. The aim of this study was to investigate the role of platelets in pulmonary infection with P. aeruginosa by studying the effect of platelet depletion on bacterial-induced leukocyte recruitment, bacterial growth and the systemic dissemination of bacteria. We used a well established murine model of chronic lung infection induced by the P. aeruginosa strain, RP73. This strain has been previously reported to show histopathological lesions akin to those observed in patients with cystic fibrosis with chronic infections (21, 22) , thus making this a clinically relevant strain to investigate in the context of chronic lung infections.
Methods
Further details of methodology are presented in the data supplement.
Infection with P. aeruginosa Embedded in Agar Beads and Induction of Platelet Depletion in Mice
All animal studies were performed under appropriate U.K. and Italian legislation. Male C57/Bl6 mice were anesthetized and inoculated with P. aeruginosa strain RP73-embedded agar beads at either 1 3 10 6 or 1 3 10 5 cfu/mouse using the method previously described by Facchini and colleagues (21) . Sham control mice were inoculated with sterile agar beads. At 24 hours before infection, mice were treated intramuscularly with anti-platelet glycoprotein Iba platelet-depleting or IgG control antibodies. Platelet numbers were enumerated in whole blood using an improved Neubauer hemocytometer (Hawksley & Sons Ltd.) to ensure sufficient platelet depletion.
Quantification of the Platelet Activation Markers, Platelet Factor 4 and b-Thromboglobulin, via ELISA At 24 hours after infection, plasma was isolated from citrated blood and BAL fluid (BALF) collected. Total levels of plateletderived platelet factor (PF)-4 and b-thromboglobulin (b-TG) were quantified from all samples and measured by ELISA according to manufacturer's protocols (R&D Systems).
BALF Collection and Analysis
At 24 hours after infection, BALF was collected. Cells were stained with Turk's nuclear stain and enumerated under a 203 objective using an Improved Neubauer hemocytometer. Cytospin slides were stained using Diff-Quick (ThermoFisher Scientific) for differential cell count quantification.
Lung, Spleen, and Kidney Harvest for Microbiological and Histological Analysis
At 24 hours after infection, cfus were quantified in lung, spleen, and kidney homogenates. Lungs from separate mice were fixed in 10% formalin and embedded in paraffin blocks for histological analysis. Tissue sections were immunostained for platelets using a platelet-specific antiCD42b antibody, whereas additional sections were stained with an antineutrophil elastase antibody or with hematoxylin and eosin for visualization of inflammatory cell infiltrate.
Platelet Quantification in BALF
Cytospins prepared from BALF were immunostained for platelets using a platelet-specific anti-CD41 antibody, a secondary mouse-adsorbed biotinylated anti-rat secondary antibody, and an avidin-biotin-horseradish peroxidase complex. Stained platelets were quantified by traversing the whole area of the cytospin under a 403 objective.
Evaluation of Biochemical Markers of Metabolic Acidosis
At 24 hours after infection with 1 3 10 5 cfu/mouse P. aeruginosa, blood was collected via cardiac puncture into heparincoated syringes. Blood biochemical changes were measured using a hand-held i-STAT blood analyzer and EC8
1 cartridges (Point of Care Testing Ltd.).
Platelet-Bacterial Cocultures
Primary overnight cultures of P. aeruginosa (RP73) were prepared and diluted to 1 3 10 6 cfu/ml. Washed platelets were isolated from citrated blood from healthy male C57/Bl6 mice and diluted to 1 3 10 6 platelets/ml. P. aeruginosa and platelets were incubated together at a 1:1 ratio and cultured at 37 8 C. Aliquots of the coculture were taken periodically over 8 hours and plated for cfu quantification.
Statistical Analysis
Data from bacterial studies are expressed as mean (6SEM). Data were tested for normality using the Shapiro-Wilks normality test and analyzed using a oneway ANOVA, followed by Bonferroni's multiple comparison test. Weight data were analyzed using a Kruskal-Wallis test followed Dunn's multiple comparison test. ELISA data were analyzed using a TwoTailed Mann-Whitney t test. Survival curves were analyzed using a Mantel-Cox test. A P value of less than 0.05 was considered significant.
Results
Circulating Platelet Numbers Were Suppressed after P. aeruginosa Infection A significant decrease in circulating platelet numbers was observed 24 hours after infection with P. aeruginosa. This was significant in mice infected with both 1 3 10 6 cfu/mouse P. aeruginosa (sham, 6.8 6 0.4 3 10 8 platelets/ml versus P. aeruginosa, 5.9 6 0.5 3 10 8 platelets/ml; 13% decrease; P , 0.05; Figure 1A ) and 1 3 10 5 cfu/mouse P. aeruginosa (sham, 6.7 6 0.4 3 10 8 platelets/ml versus P. aeruginosa, 5.6 6 0.3 3 10 8 platelets/ml; 17% decrease; P , 0.05; Figure 1B ). The occurrence of peripheral thrombocytopenia after lung infection may be a consequence of localized pulmonary platelet recruitment due to platelet activation. We therefore investigated whether platelet activation and accumulation had occurred in the lungs 24 hours after infection.
Pulmonary P. aeruginosa Infection Caused an Increase in Platelet-associated Activation Markers
Upon platelet activation, PF-4 and b-TG are secreted from internal granules. We therefore measured the levels of b-TG and PF-4 secretion as indicators of platelet activation in blood plasma and BALF. At 24 hours after infection with P. aeruginosa, a significant increase in plasma b-TG levels was observed when compared with sham controls (sham, 73.63 6 6.11 pg/mg protein versus P. aeruginosa 1 IgG control, 103.51 6 8.83 pg/mg protein; P , 0.05; Figure 2A ). b-TG levels also appeared to be elevated in BALF obtained 24 hours after infection (sham, 2.12 6 0.15 pg/mg protein versus P. aeruginosa 1 IgG control, 3.38 6 0.71 pg/mg protein), although this increase did not reach statistical significance ( Figure 2B ).
No detectable changes in plasma PF-4 levels were observed 24 hours after infection ( Figure 2C ). However, at this time point, PF-4 levels were significantly elevated in the BALF, suggesting that PF-4 may only be released by platelets at the site of infection (sham, 0.18 6 0.01 optical density versus P. aeruginosa, 0.31 6 0.05 optical density; P , 0.05 Figure 2D ).
Histological Evidence for Platelet Accumulation in Lung Tissue after P. aeruginosa Infection
Lung samples collected 24 hours after infection, stained with an anti-neutrophil elastase antibody or with a hematoxylin and eosin stain, indicated an increase in neutrophil recruitment into the airway lumen and alveolar spaces ( Figure 3A ). In these samples, an increase in plateletspecific staining was also observed through specific anti-CD42b staining ( Figure 3B ). This staining was quantified and a significant increase in extravascular pulmonary platelet accumulation was observed in mice infected with P. aeruginosa compared with sham control mice (sham, 3,568.33 6 457.53 platelets/mm 2 versus P. aeruginosa, 9,670 6 1,457.06 platelets/mm 2 ; P , 0.01; Figure 3C ). Regions positive for CD42b also appeared to be present around bacteria in the airways of P. aeruginosa-infected mice (data not shown). However, further research is required to identify whether this is representative of direct platelet-bacterial interactions that have previously been observed in vitro (17) . Platelet recruitment into the airway lumen was subsequently confirmed using platelet-specific anti-CD41 staining on slides prepared from isolated BALF, which, when quantified, demonstrated significant increases in platelets present in the lavage fluid of infected mice (sham, 0.30 6 0.16 3 10 3 platelets/ml versus P. aeruginosa, 2.64 6 0.58 3 10 3 platelets/ml; P , 0.01; Figure 3D ).
Experimentally Induced Platelet Depletion Significantly Decreased P. aeruginosa-induced Pulmonary Leukocyte Recruitment
To understand whether the pulmonary accumulation of platelets in response to P. aeruginosa infection was a cause or consequence of the immune response to the invading pathogen, we conducted experiments in which mice were experimentally depleted of circulating platelets. To induce a sufficient decrease in circulating platelet numbers (.80%), mice were treated with either an IgG control antibody or 10 mM of the polyclonal antiplatelet glycoprotein Iba platelet-depleting antibody before infection with P. aeruginosa. This induced a significant state of platelet depletion in both studies (85%; P , 0.001; Figures 1A and 1B) , which was maintained throughout the 24-hour study period. No effects of the anti-GP1ba platelet-depleting antibody were observed on whole-blood neutrophil counts (see Figure E1B in the data supplement).
Infection with 1 3 10 6 cfu/mouse P. aeruginosa induced a significant increase in total pulmonary leukocyte recruitment at 24 hours (P , 0.05; Figure 4A ). This was characterized by a significant increase in pulmonary neutrophil recruitment (P , 0.01; Figure 4B ), as well as increases in both lymphocytes and macrophages, although these latter cell types did not achieve statistical significance ( Figures 4C  and 4D ). Mice depleted of circulating platelets (.85%) demonstrated a reduction in P. aeruginosa-induced total leukocyte recruitment, although this was not significant ( Figure 4A ). However, a significant reduction in neutrophil recruitment was observed (P , 0.05; Figure 4B ), as well as a reduction in lymphocyte numbers, although this was not significant ( Figure 4C ). No discernible changes in pulmonary macrophage numbers were observed in mice depleted of circulating platelets ( Figure 4D) .
Similarly, in mice inoculated with 1 3 10 5 cfu/mouse P. aeruginosa, total pulmonary leukocyte recruitment was significantly elevated (P , 0.001), which was also characterized by a significant increase in neutrophil recruitment (P , 0.001). In mice depleted of circulating platelets, total pulmonary leukocyte (P , 0.01), neutrophil (P , 0.05), and macrophage (P , 0.05) recruitment were significantly reduced ( Figure E2 ).
Bacterial Colonization Is Enhanced Significantly in Mice Depleted of Platelets
At 24 hours after infection, mice inoculated with sterile PBS-embedded agar beads demonstrated no evidence of infection in the lungs, kidney, or spleen. In contrast, mice infected with 1 3 10 6 cfu/mouse and treated with an IgG control antibody demonstrated a significant increase in total pulmonary bacterial load (5.08 6 0.54 log cfu/ml; P , 0.001; Figure 5A ), with minimal systemic infection observed in the kidneys and spleen ( Figures 5B and 5C ). However, in mice depleted of circulating platelets, pulmonary bacterial load was significantly increased compared with IgG control-treated mice (6.62 6 0.35 log cfu/ml; P , 0.05). This was described by an increase in pulmonary bacterial load of approximately a 1.5 log cfu increase ( Figure 5A ). This increase was accompanied by an additional increase in bacterial numbers in both the kidney and spleen in mice depleted of platelets, although this did not reach statistical significance ( Figures 5B and 5C ). To investigate further the increase in the incidence of systemic infection, we performed further experiments to measure bacterial load 24 hours after infection using a lower inoculum of 1 3 10 5 cfu/mouse P. aeruginosa. The primary objective of using a lower inoculum was to reduce the severity of the model, as we had seen an increase in the incidence of mortality after infection with 1 3 10 6 cfu/mouse. In animals infected with the lower inoculum of 1 3 10 5 cfu/mouse P. aeruginosa, no infection was observed in the lungs, spleen, or kidneys of mice inoculated with sterile agar beads ( Figures 5D-5F and Figures E3A-E3C ). Mice treated with the IgG control antibody and infected with the lower inoculum of 1 3 10 5 cfu/mouse P. aeruginosa also showed a significant elevation in total pulmonary bacterial load (4.72 6 0.39 log cfu/ml; P , 0.001; Figure 5D ). In contrast to the data collected from mice infected with 1 3 10 6 cfu/mouse, mice depleted of platelets before infection with 1 3 10 5 cfu/mouse P. aeruginosa did not show a significant increase in total bacterial load 24 hours after infection compared with IgG control antibody-treated mice (5.21 6 0.39 log cfu/ml). However, a small, nonsignificant increase of 0.5 log cfu was observed in the lung. This could be explained by the lower inoculum producing a less severe infection within the lungs compared with the 1 3 10 6 cfu/mouse inoculum. Similar to the studies using 1 3 10 6 cfu/mouse, IgG control antibody-treated infected mice demonstrated no systemic infection in the spleen and kidneys. In contrast, in mice depleted of platelets, we demonstrated a significant elevation in bacterial numbers in the kidney (log 2.07 6 0.24 cfu/ml; P , 0.001; Figure 5E ) and the spleen (log 0.74 6 0.36 cfu/ml; P , 0.05; Figure 5F ).
Mice Depleted of Platelets Infected with P. aeruginosa Demonstrated Increased Mortality
In mice infected with 1 3 10 6 cfu/mouse P. aeruginosa, we observed a significantly increased mortality rate (40%; P , 0.05) in mice experimentally depleted of platelets compared with IgG control antibody-treated mice (0%; Figure 6A ). After infection with 1 3 10 5 cfu/mouse, mice depleted of circulating platelets showed a decreased mortality rate compared with those infected with 1 3 10 6 cfu/mouse P. aeruginosa, with mortality levels of only 20%. However, this was still elevated when compared with mice infected with 1 3 10 5 cfu/mouse that had received the IgG control antibody (0%; Figure 6B ). These data suggest that, although the infection profile with the lower inoculum was associated with decreased severity with no significant difference observed, the experimental depletion of circulating platelets continued to produce a trend suggesting a more severe phenotype. As increases in mortality were observed, we investigated the potential cause of death in these animals. Metabolic acidosis is a known biomarker of organ dysfunction in patients with sepsis, and severe metabolic acidosis is indicative of multiple organ dysfunction syndrome (23) . We therefore assessed blood biochemical markers associated with metabolic acidosis in animals after infection with 1 3 10 5 cfu/mouse P. aeruginosa. In the mice that survived the 24-hour study duration, no significant differences were observed in blood urea, pH, base excess HCO 3, pCO 2 levels, and the anion gap. However, a trend toward a decrease in these parameters was observed in infected mice depleted of circulating platelets (Table E1) . Although these data did not show any significant differences, the subtle changes observed are consistent with metabolic acidosis and the absolute values, and degree of the changes are consistent with previously published models of systemic inflammatory response syndrome and septic infection (24) . The shift in the systemic blood biochemistry observed in these animals may have been more pronounced in the animals that died before the 24-hour end point of the study; therefore, further work is required to identify if metabolic acidosis leading to multiple organ dysfunction syndrome is the primary cause of death in these animals.
Platelets Modulate Bacterial Growth Kinetics In Vitro
Our in vivo studies detected an increase in total bacterial load 24 hours after infection. Animals infected with the higher inoculum demonstrated a 1.5 log cfu increase in pulmonary bacterial load (5.08 6 0.54 versus 6.62 6 0.35 log cfu). This was interesting, as this strain of P. aeruginosa has previously demonstrated a similar log cfu increase over the same time period in in vitro cultures (25) . We therefore investigated whether platelets had any effect on bacterial growth in vitro. Platelet bacteria coculture experiments were performed and cfus quantified over an 8-hour time course. Bacteria cultured in the presence of 1 3 10 6 /ml platelets demonstrated significant decreases at both 6 hours (bacteria alone, log 8.49 6 0.22 cfu/ml versus bacteria 1 platelets, log 7.74 6 0.42 cfu/ml; P , 0.05) and 8 hours (bacteria alone, log 8.91 6 0.19 cfu/ml versus bacteria 1 platelets, log 7.80 6 0.28 cfu/ml; P , 0.001) when compared with bacterial cultures in the absence of platelets (Figure 7 ).
Discussion
Here, we provide compelling evidence that platelets play an important role in the host response to pulmonary bacterial infection with P. aeruginosa. In our model, we have demonstrated that experimentally induced platelet depletion permits increased pulmonary bacterial growth and systemic bacterial dissemination, which is not normally associated with infections with this strain of P. aeruginosa. Our observations, therefore, support the hypothesis that platelets play a significant role in containing bacterial infections to the lung. Furthermore, we also provide evidence that platelets are required for neutrophil recruitment to the lung in an analogous manner to that described in other animal models of pulmonary leukocyte recruitment after both allergic and nonallergic inflammatory insults (6, 7, 9) .
Platelets (murine and human) variably express Toll-like receptors (TLR) 2 and 4 on their surface (26) . TLR2 and TLR4 recognize bacterial peptidoglycans and LPS in gram-positive and gram-negative pathogens, respectively (27) (28) (29) (30) . This provides a plausible mechanism for direct bacterial interactions with platelets, which may contribute to platelet activation. Indeed, platelet shape change, reversible states of platelet accumulation and adhesion, formation of platelet-leukocyte conjugates, elevated P-selectin expression, and platelet granule release have all been detected after exposure to bacterial products or through direct interactions with bacterial pathogens, including S. aureus, Streptococcus pyogenes, Escherichia coli, and Clostidium perfringens (18, 31, 32) .
Here, we demonstrate that infection with 1 3 10 6 cfu/mouse of P. aeruginosa resulted in increased BAL levels of cfu/mouse P. aeruginosa-embedded agar beads through intratracheal inoculation. At 24 hours after infection, BALF was obtained and analyzed for total cell counts (A), neutrophils (B), lymphocytes (C), and macrophages (D); n = 5-8. Data are expressed as mean (6SEM). *P , 0.05, **P , 0.01 compared with sham control mice; # P , 0.05 compared with IgG control-infected P. aeruginosa mice. Data were confirmed for Gaussian distribution using the Shapiro-Wilks normality test and subsequently analyzed using one-way ANOVA and the Bonferroni multiple comparisons post test.
platelet-derived PF-4 and b-TG at 24 hours after infection. This supports bacterialinduced platelet activation previously described in the literature (14-16, 18, 31, 32) .
We also observed significant increases in plasma b-TG levels, although no increases in plasma PF-4 were detected. This may suggest that PF-4 is only released at the site of infection. Furthermore, we have demonstrated platelet accumulation in the lung, in agreement with published literature demonstrating pulmonary platelet accumulation after exposure to bacterial products (33) , coupled with that observed in response to both allergic and sterile inflammatory stimuli (9, 34) .
Our group has previously demonstrated an important role for platelets in leukocyte recruitment induced by both allergic and nonallergic inflammatory insults (5, 6, 8) . In the present study, we have extended these observations by showing an important role for platelets in pulmonary neutrophil recruitment after a bacterial infection, where we observed a significant decrease in neutrophil recruitment into the lungs in mice depleted of circulating platelets by greater than 85%. In our previous studies, using different inflammatory models, we reported a more profound effect on pulmonary leukocyte recruitment; this is perhaps due to the increased levels of platelet depletion (.95%), or to differences in the severity of the inflammatory response (5, 6, 8) . We have also recently demonstrated that pulmonary leukocyte recruitment after allergen challenge was P2Y 1 dependent (8) . This observation is of interest, as P2Y 1 and P2Y 2 receptors have been postulated to exert a protective role against infection with P. aeruginosa from observations of increased mortality and decreased proinflammatory cytokine release in P2Y 1, P2Y 2 single-and double-knockout mice (35) . It is therefore plausible that platelet P2Y 1 receptor activation may be involved in pulmonary neutrophil recruitment in this lung infection model, similarly to that described for pulmonary cell recruitment either after allergen challenge or through exposure to LPS (8, 36) In addition to the engulfment of bacteria by neutrophils and the subsequent degradation of the pathogen through both oxidative and nonoxidative mechanisms, neutrophil extracellular traps (NETs) are another mechanism that neutrophils can contribute to the killing and removal of bacteria from infected tissue (37) (38) (39) . The decreased pulmonary recruitment observed in our study in mice depleted of platelets is likely to contribute to the more severe phenotype observed, as this will result in decreased capacity for neutrophil-mediated bacterial trapping and killing (38, 39) .
However, our study only shows a partial inhibition of neutrophil recruitment; therefore, there appears to be a component of neutrophil influx that is platelet independent after bacterial infection in the lung. Several studies have highlighted that platelets can induce NETosis through activation of neutrophils via direct interactions, release of mitochondria, or via mitochondria containing platelet microparticles (37, 40) . Clark and colleagues (28) demonstrated that LPS stimulation, even at high concentrations, was insufficient to induce NETosis directly from neutrophils, and that platelet-induced neutrophil activation is required for rapid LPS-induced NETosis. Whether this provides an additional mechanism by which platelets may be involved in the trapping and killing of bacteria in septic blood remains unclear, and requires further study.
In the present study, pulmonary bacterial load in animals infected with 1 3 10 6 cfu/mouse P. aeruginosa increased by 1.5 log cfus over 24 hours in mice depleted of circulating platelets when compared with nonthrombocytopenic mice, whereas a more moderate 0.5 log cfu increase was observed after infection with the lower 1 3 10 5 cfu/mouse inoculum. The significant decrease in neutrophil recruitment in platelet-depleted mice is one mechanism by which to explain this increase in pulmonary bacterial load, as neutrophils are essential in host defense toward bacterial infections through pathogen elimination. This has been shown through the susceptibility of neutropenic mice to this pathogen. However, it is interesting to note that the increased growth of bacteria (z1.5 log cfu/24 h) in our model is similar to that observed for this strain in isolated in vitro cultures (25) , suggesting that the platelets may contribute an additional component to the mechanisms restricting bacterial growth and survival in vivo further to neutrophilassociated mechanisms. To this end, we performed bacterial growth curves both in the presence and absence of platelets to assess their role independent of neutrophils, and demonstrated a significant reduction in viable bacteria at both 6 and 8 hours when cultured in the presence of platelets. This may indicate a mechanism that, in vitro, may enable platelets to modulate bacterial growth kinetics independent of neutrophils, in addition to normal neutrophil involvement. The possibility of a direct mechanism of platelet modulation on bacterial growth is supported by work performed by Kraemer and colleagues (41) who demonstrated that the presence of platelets decreased the growth of S. aureus in vitro, and by the studies of De Stoppelaar and colleagues (16) who have demonstrated an increased bacterial burden in P-selectin-deficient mice. The mechanism by which platelets limit bacterial growth is unclear, although work published from other laboratories has suggested that platelets have the capacity to directly internalize and phagocytose pathogens (14, 42) . Although our in vitro findings highlight the possibility for a mechanism for platelet-specific modulation of bacterial growth kinetics, the mechanisms behind this are beyond the scope of this study, and further work is required to evaluate the mechanisms involved, and to what extent this is involved in in vivo models of infection.
The model of lung infection used in our study was adapted from a well documented model of pulmonary infection with P. aeruginosa originally described by Cash and colleagues in 1979 (43) . This model has since been replicated by a number of independent research laboratories to investigate pulmonary infection in a number of species and is considered to be a nonsystemic and nonfatal lung infection model. However, in our studies after an inoculum of 1 3 10 6 cfu/mouse 6 platelets/mL Figure 7 . Platelets reduce total bacterial numbers in culture in vitro. In vitro cultures of 1 3 10 6 cfu/ml P. aeruginosa were prepared alone (solid circles) or in the presence of 1 3 10 6 platelets/ml (solid squares). Aliquots were taken at 0, 2, 4, 6, and 8 hours, and viable cfus quantified on TSA plates; n = 6. Data expressed as Log mean (6SEM). *P , 0.05, ***P , 0.001 compared with bacterial control cultures. Data were confirmed for Gaussian distribution using the Shapiro-Wilks normality test and subsequently analyzed using one-way ANOVA and the Bonferroni multiple comparisons post test.
P. aeruginosa, we observed a trend depicting an increase in the presence of systemic infection in the kidneys and spleen, and increased mortality (40%) in thrombocytopenic mice. When this study was repeated using a lower (1 3 10 5 cfu/mouse) inoculum to refine the model and decrease the severity, we saw no evidence of systemic bacterial dissemination to the kidneys or spleen in mice with normal platelet levels. However, in mice experimentally depleted of circulating platelets, we observed a significant increase in systemic bacterial numbers recovered from both the kidneys and the spleen. Although the mortality rates were lower than with the higher 1 3 10 6 cfu/mouse inoculum, we still observed subtle increases in mortality (20%) in platelet-depleted animals after infection with the lower 1 3 10 5 cfu/mouse inoculum. Our observations suggested a conversion from a phenotype associated with localized infection to one displaying systemic infection, as we demonstrated increased bacterial load in systemic organs, a subtle increase in biochemical markers of metabolic acidosis, and increased mortality.
This suggests that platelets may play an important role in maintaining the integrity of the pulmonary vasculature to normally restrict pulmonary infections to the lung and preventing systemic bacterial dissemination toward distal organs. Indeed, others have shown that high circulating platelet numbers (5-13 3 10 9 platelets/L) can prevent bleeding and offer protection against distal organ damage during gramnegative sepsis (15) , whereas mice with platelets with impaired function through genetic deficiency of P-selectin demonstrate increased organ damage after K. pneumoniae infection (16) . We therefore suggest that, in addition to normal neutrophil roles in bacterial infections, the removal of platelet-mediated trapping and killing of bacteria through interactions with neutrophils, or through additional direct interactions with bacteria, allows a transition from a mild to a more severe infectious phenotype, supporting observations that worse clinical outcomes are associated with thrombocytopenia in patients with infections (11) (12) (13) .
In conclusion, we have demonstrated that P. aeruginosa infection induces significant platelet activation and accumulation in lung tissue and BALF 24 hours after infection. Furthermore, mice depleted of platelets demonstrated a 1.5 log cfu increase in pulmonary bacterial load, coupled with a similar increase in systemic bacterial load. In addition, we observed a significant decrease in neutrophil recruitment after platelet depletion, which was associated with increased weight loss ( Figure E4 ) and reduced survival rates from a strain of bacteria that is normally sublethal. We therefore conclude that, in addition to the role that neutrophils play in the host response to bacterial infections, platelets also have a distinct role in host defense against gram-negative infections in the lung. n Author disclosures are available with the text of this article at www.atsjournals.org.
